r Heart failure with preserved ejection fraction (HFpEF) is associated with disordered breathing patterns, and sympatho-vagal imbalance.
Introduction
Heart failure (HF) with preserved ejection fraction (HFpEF) is a highly prevalent form of HF affecting 47% of all HF patients (Owan et al. 2006) . HFpEF is characterized by progressive cardiac diastolic function impairment (Oktay et al. 2013; Yancy et al. 2013) , sleep disordered breathing (Oldenburg et al. 2007) , increased sympathetic outflow, parasympathetic withdrawal and decreased heart rate variability (Kristen et al. 2002; Borlaug & Kass, 2006; Abassi et al. 2011; Andrade et al. 2015) . Importantly, autonomic imbalance and sleep disordered breathing are related to the progression of HF (Florea & Cohn, 2014) . Altered peripheral and central chemoreflex drive contributes to autonomic imbalance and sleep disordered breathing (Blain et al. 2010; Mansukhani et al. 2014 ) and has been proposed as a key component in the progression of HF. Chemoreflex activation in HF with reduced EF (HFrEF) is associated with increased sympathetic nerve activity and incidence of cardiac arrhythmias, both being inversely correlated with survival (Giannoni et al. 2009 ). In concordance with these observations in clinical populations, Del Rio et al. (2013) found that selective bilateral denervation of the carotid body, the main peripheral chemoreceptor, significantly decreased cardiac sympathetic drive and markedly improved survival of HFrEF rats. Therefore, alterations in the chemoreflex pathways may also contribute to the progression of HFpEF. Despite what is known about chemoreflex function in HFrEF, few studies have addressed the potential contribution of the chemoreflex to autonomic imbalance and disordered breathing patterns in HFpEF.
Existing evidence suggests that peripheral chemoreceptors are not involved in HFpEF pathophysiology but that central chemoreceptors may contribute to the onset and maintenance of autonomic imbalance and disordered breathing in HFpEF (Andrade et al. 2015; Toledo et al. 2016) . Kristen et al. (2002) showed an increase in renal sympathetic nerve discharge following acute stimulation with hypercapnia in HFpEF rats. These results suggest that activation of central chemoreceptors in HFpEF may increase sympathetic outflow. However, there are no studies showing the effects of activation of the peripheral and/or central chemoreflex drive in cardiac function and/or cardiac sympatho-vagal balance in HFpEF.
There are numerous regions in the brain that have been shown to exhibit CO 2 sensitivity, although the retrotrapezoid nucleus (RTN) is currently considered one of the main central chemoreceptor areas (Lazarenko et al. 2009; Guyenet & Mulkey, 2010; Wang et al. 2013) . In normal conditions, subtle changes in cerebrospinal fluid CO 2 and/or pH induce RTN neuron depolarization leading to excitatory stimulation of respiratory and cardiovascular control centres in the brainstem (Guyenet et al. 2005 Guyenet, 2014) . Importantly, it has been shown that RTN neurons project to pre-sympathetic neurons of the rostral ventrolateral medulla (RVLM), a key area involved in autonomic regulation (Moreira et al. 2006; Rosin et al. 2006) . We recently showed that chronic activation of the RVLM in HFrEF rats is critically dependent on enhanced afferent stimulation from the carotid body chemoreceptors and is associated with HF progression and mortality (Del Rio et al. 2013 ). To date, no studies have addressed the effects of changes in central chemoreflex drive on pre-sympathetic RVLM neuron activation in HFpEF.
We hypothesized that acute activation of the chemoreflex drive in HFpEF, which may result from disordered breathing patterns, exacerbates cardiac dysfunction and cardiac autonomic imbalance and further increases the incidence of arrhythmia. In the present study we sought to determine whether HFpEF rats display respiratory abnormalities and altered peripheral and/or central chemoreflex function. Furthermore, we studied whether cardiac autonomic imbalance in HFpEF is associated with chronic activation of RVLM neurons. Finally, we tested whether acute activation of central and peripheral chemoreflex pathways alters cardiac sympatho-vagal balance, increases arrhythmia incidence and exacerbates cardiac dysfunction in HFpEF.
Methods

Ethical approval
All animals were housed and handled according to the American Physiological Society and the National Institutes of Health guidelines for the Care and Use of Laboratory Animals and the Guía para el Cuidado y Uso de los Animales de Laboratorio from CONICYT. All experimental protocols were approved by the Universidad Autónoma de Chile and conformed to the principles and regulations as described by Grundy (2015) . Efforts were made to limit the number of subjects and minimize animal suffering according to the principles of reduction, replacement and refinement in experimental design. Animals were given access to food (Prolab RMH 3000, LabDiet, St Louis, MO, USA) and water ad libitum.
Animals
Adult male Sprague-Dawley rats (n = 32), weighing initially ß250 g, were used in this study. All experiments were performed 8 weeks following chronic heart failure (CHF) induction. Rats were group housed (maximum three per cage). At the end of the appropriate experiments, all animals were humanely killed by an overdose of anaesthetic (sodium pentobarbital 100 mg kg
Rat model of CHF
CHF with preserved ejection fraction was produced in rats (n = 16) by volume overload by aorto-caval fistula (ACF) using the needle technique, as described previously (Brodsky et al. 1998; Modesti et al. 2004; Ryan et al. 2007; Toischer et al. 2010; Abassi et al. 2011) . Briefly, under anaesthesia (2% isoflurane/98%O 2 ) a laparotomy was performed. The wall between the inferior vena cava and the abdominal aorta was grasped through a longitudinal incision made in the aorta, and a fistula was created between the two vessels using a 1.20 × 40 mm needle (BD Precision Glide, Franklin Lakes, NJ, USA). The opening in the aorta was then closed with tissue adhesive (Hystoacryl, Braun, USA). Following these manoeuvres, the abdomen was closed in layers. Sham-operated rats (n = 16) were prepared in the same manner but did not undergo ACF. All experiments were performed at 8 weeks after ACF or sham surgery. 
Resting breathing and ventilatory chemoreflex function
Resting breathing was evaluated by unrestrained whole body plethysmography in Sham (n = 6) and CHF rats (n = 6) (Del Rio et al. 2013) . Apnoea episodes (cessation of breathing ࣙ3 breaths) and hypopneas [reductions ࣙ50% in tidal volume (V t )] were averaged during resting breathing, as previously described (Del Rio et al. 2013; Haack et al. 2014; Marcus et al. 2014a) . Respiratory stability during resting breathing was illustrated by construction of Poincare plots and quantified by analysis of SD1 and SD2 of the inter-breath interval variability (Haack et al. 2014; Marcus et al. 2014a) . Tidal volume, respiratory frequency (RR) and minute ventilation (V E : V t × RR) were determined by unrestrained whole body plethysmography (Del Rio et al. 2013) . Tidal volume was measured by temporarily (15-30 s) sealing the air ports and measuring the pressure changes in the sealed chamber using a Validyne (MP-45) differential pressure transducer and amplifier connected to a PowerLab System (AD Instruments, Australia). Chamber pressure fluctuations were proportional to tidal volume. Resting breathing was recorded for 2 h while the rats breathed room air. Peripheral chemoreceptors were stimulated preferentially by allowing the rats to breathe hypoxic (10% O 2 /balance N 2 ) gas for 2-5 min under isocapnic conditions. Hyperoxic hypercapnia (7% CO 2 /93% O 2 ) gas challenges were given for 2-5 min. The hypoxic ventilatory response (HVR) was calculated by the slope between F IO 2 21% and 10%. The hypercapnic ventilatory response (HCVR) was calculated J Physiol 595.8 by the slope between F ICO 2 0.03% and 7%. All recordings were made at an ambient temperature of 25 ± 2°C, as previously described (Del Rio et al. 2013; Haack et al. 2014; Marcus et al. 2014a ).
Measurements of arterial blood gases during hypercapnic stimulation
The arterial blood gases were measured in conscious freely moving rats (n = 4, CHF; n = 4, Sham) using a blood gas analyser (i-STAT1 Analyser). Under isoflurane (2%) rats were anaesthetized and a vascular access port was placed in the carotid artery. One week after surgery the animals were put in a plexiglass chamber and 100 μl was withdrawn during normoxia and hypercapnia. The volume of withdrawn blood was immediately replaced by an equal volume of sterile saline solution (0.9% NaCl).
Measurements of baseline haemodynamic and cardiac function
Arterial blood pressure and left ventricular haemodynamic parameters were measured with a conductance catheter in anaesthetized animals (n = 10, CHF; n = 10, Sham) as previously described (Pacher et al. 2008; Rommel et al. 2016) . Rats were anaesthetized with α-chloralose and urethane (40 and 800 mg kg −1 , respectively), and were intubated with a 16-g cannula. A pressure-volume (PV) conductance catheter (SPR-869; Millar, USA) was placed into the right carotid artery and advanced to the left ventricle (LV) (Cingolani et al. 2004; Pacher et al. 2008; Rommel et al. 2016) . We made a laparotomy to visualize the arteria-venous fistula, and then isolated the cava vein to perform the vein occlusion for the measurement of cardiac function. After a 25 min equilibration period, baseline PV loops were recorded . Load-dependent cardiac function parameters were determined by means of the calculation of dp/dt max and dp/dt min . Load-independent cardiac function parameters were studied by calculating the end-systolic PV relationship (ESPVR) and the end-diastolic PV relationship (EDPVR). Briefly, transient occlusions of the inferior vena cava were performed to obtain ESPVR and EDPVR by fitting the data to a linear and an exponential function, respectively (Cingolani & Kass, 2011; Hamdani et al. 2013; Leite et al. 2015) .We also calculated ESPVR and EDPVR during hypercapnia (F ICO 2 7%) and hypoxia (F IO 2 10%) exposure to estimate the effects of central and peripheral chemoreflex activation on cardiac function, respectively. Volumes were calibrated using arterial blood using the cuvette calibration method (Pacher et al. 2008) . We also performed saline injections (n = 4 per group) to fully calibrate the conductance catheter before propranolol administration (Pacher et al. 2008) . Data analysis was performed using the PV loop module of the LabChart 7.0 software.
Sympatho-vagal balance during hypercapnia
Heart rate variability (HRV) was analysed using LabChart pro 7.0 software in Sham (n = 4) and CHF rats (n = 4). We used dp/dt signals obtained from blood pressure recordings to calculate heart rate. Power spectral density 
. Hypercapnic ventilatory responses (HCVR) but not the hypoxic ventilatory responses (HVR) are increased in HFpEF
A, representative plethysmography recordings of tidal volume (V t ) in normoxia (F IO 2 21%), hypoxia (F IO 2 10%) and hypercapnia (F ICO 2 7%) in Sham and CHF rats. B and C, the magnitude and the gain of HVR was decreased in CHF rats compared to Sham rats. D and E, the magnitude and the gain of the HCVR was significantly increased in CHF rats compared to Sham rats. * P < 0.05; * * P < 0.01 vs. Sham condition, n = 6 rats.
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(PSD) of HRV was obtained using a Fast Fourier Transform algorithm after Hann windowing with 50% overlap (Pagani et al. 1986; Marcus et al. 2014b) . Analysis was performed in 10 min intervals obtained when the rats were in normoxia (F IO 2 21%) and hypercapnia (F ICO 2 7%). Cut-off frequencies were defined as: low frequency (LF), 0.04-0.6 Hz; and high frequency (HF), 0.6-2.4 Hz, as previously described (Ryan et al. 2007 ).
In addition, propranolol chlorhydrate (1 mg kg −1 , I.V.) and atropine sulphate (1 mg kg −1 , I.V.) were used to fully determine sympathetic and parasympathetic tone to the heart, respectively (Del . The cardiac chronotropic response was expressed as HR (n = 6, CHF; n = 6, Sham).
Arrhythmia incidence
Heart rate was derived from blood pressure dp/dt waveforms. Irregular heartbeats were visually inspected and counted as previously described (n = 6, CHF; n = 6, Sham) (Aboukhalil et al. 2008; Del Rio et al. 2013) . Arrhythmias were defined as premature or delayed beats with changes greater than 3 standard deviations (SD) from the mean beat-to-beat interval duration. We also evaluated arrhythmia incidence during hypercapnic stimulation (F ICO 2 7%). The contribution of sympathetic drive on arrhythmia incidence was studied using intravenous infusion of propranolol (1 mg kg −1 I.V.). The arrhythmia index was expressed as events h -1 . 
Western blot
Chronic neuronal activation was assessed by immunoblot of Fos-B (1:100 Santa Cruz Biotechnology, Dallas, TX, USA) in RVLM micropunches obtained from CHF (n = 6) rats and Sham rats (n = 6) as previously described (Haack et al. 2012; Rommel et al. 2016) . Fos-B expression is induced during chronic neuronal activation. Briefly, coronal sections (100 μm) were cut through the medulla at the level of the RVLM according to the atlas of Paxinos et al. (1980) . Later, RVLMs were bilaterally punched using a diethylpyrocarbonate (DEPC)-treated blunt 18-gauge needle attached to a syringe as previously described (Palkovits, 1983) . Micropunches containing the RVLM were removed and snap-frozen on dry ice and stored at −80°C. Micropunches were lysed in RIPA buffer plus protease inhibitor cocktail (1%) followed by sonication. Total protein extract concentration was determined using Oxidative stress in pre-sympathetic neurons from the RVLM Superoxide levels in the RVLM were measured using dihydroethidium (DHE), a cell membrane-permeable superoxide-sensitive fluorescent dye, in Sham (n = 6) and CHF rats (n = 6) as described previously (Banes et al. 2005; Oliveira-Sales et al. 2010) . Snap-frozen brains were sectioned on a cryostat at 20 μm thickness at −20°C and placed onto electrostatically charged microscope slides (Superfrost, VWR Scientific, Radnor, PA, USA). Brain sections containing the RVLM were incubated with DHE at 1 μM (Life Technologies Inc., Carlsbad, CA, USA) in PBS for 30 min at 37°C, and washed three times for 5 min in PBS. Next, slices were fixed with 4% paraformaldehyde for 10 min at room temperature, and washed twice for 5 min with PBS. After blocking for 60 min (5% gelatin from cold water fish skin, 0.5% Triton X-100 in PBS), the sections were incubated for 1 h at room temperature with anti-tyrosine hydroxylase monoclonal antibody (1:100, Millipore) diluted in the same blocking solution. Later, samples were rinsed three times in PBS for 5 min, and incubated with Alexa fluor 488 goat anti-mouse (Invitrogen) diluted 1:250 in PBS for 1 h at room temperature. Finally, sections were rinsed three times in PBS for 5 min and mounted with DAPI fluorescent mounting media (Vector Shield, Vector Laboratories, Burlingame, CA, USA). Images were acquired with a high-resolution fluorescence microscope (Leica). Slides were scanned under the same conditions for magnification, laser intensity, brightness, gain and pinhole size. Images were processed using the ImageJ software (NIH image).
Statistical analysis
Data were expressed as means ± SD. Student's t test was used to compare the differences between two groups. Differences among two or more conditions (i.e. treatments) were assessed with one-or two-way ANOVA, followed by Sidak's post hoc comparisons. A P value of < 0.05 was considered statistically significant.
Results
Baseline physiological characteristics
Resting physiological variables of both Sham and CHF animals are summarized in Table 1 . CHF rats showed overt signs of cardiac hypertrophy compared to Sham rats, as evidenced by a significant increase in the heart weight to body weight ratio (HW/BW) (3.9 ± 0.6 vs. 2.9 ± 0.3 mg g −1 , CHF vs. Sham, respectively; P < 0.01). No significant changes in body weight were observed between groups (Table 1) . LVEDP, LVEDV and LVESV were all significantly increased in CHF compared to the values obtained in Sham rats (Table 1) . Importantly, LVEF values remained similar between CHF and sham conditions (75.9 ± 10.7 vs. 72.1 ± 7.2%, CHF vs. Sham, respectively; P > 0.05). Baseline heart rate, systolic blood pressure, diastolic blood pressure and pulse pressure were not significantly different in CHF rats compared to Sham rats (Table 1) .
Respiratory disorders and chemoreflex function
Irregular resting breathing patterns were found in CHF rats compared to Sham rats. Figure 1A and B illustrates the loss of ventilator stability and an increased incidence of apnoea in CHF rats. The apnoea/hypopnea index (AHI) was significantly increased in CHF compared to the Sham condition (20.2 ± 4.0 vs. 9.7 ± 2.6 events h −1 , CHF vs. Sham, respectively; P < 0.01, Fig. 1C ). In addition, both the short-term (SD1) and the long-term (SD2) breath-to-breath interval variability increased twofold in the CHF group compared to Sham condition ( Fig. 1D  and E) . Activation of the peripheral chemoreflex with hypoxia (F IO 2 10%) resulted in a large increase in V E in Sham rats ( Fig. 2A-C) . In contrast, CHF rats showed reduced HVR ( Fig. 2A-C) . The peripheral chemoreflex gain in CHF was 2.1 ± 1.0 V E /% compared to 6.1 ± 1.8 V E /% obtained in Sham rats. Sham rats increased V E in response to hypercapnia, a measure of central chemoreflex sensitivity, and this response was significantly enhanced in CHF rats (Fig. 2A, D and E) . The central chemoreflex gain was higher in CHF rats compared to Sham rats (19.1 ± 3.1 V E /% CHF vs. 13.9 ± 2.3 V E /%, Sham; P < 0.01, Fig. 2E ).
RVLM neuronal activation and cardiac autonomic control
CHF animals showed greater Fos-B protein expression in RVLM micropunches compared to Sham (252.0 ± 218.7 vs. 100.0 ± 15.2%, in CHF vs. Sham rats, respectively; P < 0.05, Fig. 3B ) indicating that neuronal activation in the RVLM is elevated in HFpEF. In addition, weobserved that DHE staining in the RVLM of CHF animals was 7.5-fold higher than that observed in Sham animals (12.3 ± 4.7 vs. 3.7 ± 2.0 AU, in CHF vs. Sham rats, respectively; P < 0.001, Fig. 3 ), suggesting that HFpEF is associated with increased superoxide in the RVLM. Importantly, DHE staining was found to co-localize with tyrosine hydroxylase, a C1 neuronal marker in the RVLM from CHF rats (Fig. 3A) .
Cardiac autonomic control was assessed by measuring the chronotropic responses following intravenous injection of propranolol and atropine. Perturbation of cardiac sympatho-vagal balance was characterized by greater increases in sympathetic influence of heart rate in CHF vs. Sham rats ( Fig. 3D and E Active relaxation Tau (ms) 9.5 ± 2.8 13.4 ± 6.3 * 8.8 ± 1.5 9.4 ± 1.8 dp/dt min (mmHg s −1 ) −6633.0 ± 1185.2 −5292.3 ± 2298.3 −5901.0 ± 2047.8 −6247.7 ± 1652.9 EDPVR 5 × 10 −3 ± 3 × 10 −3 3 × 10 −3 ± 3 × 10 −3 8 × 10 −3 ± 4 × 10 −3 * 5 × 10 −3 ± 3 × 10 −3
Values are expressed as mean ± SD. Normoxia, F IO 2 21%; hypoxia, F IO 2 10%; HR, heart rate; CO, cardiac output; LV, left ventricular; EDP, end-diastolic pressure; EDV, end-diastolic volume; E a , arterial elastance; EF, ejection fraction; ESV, end-systolic volume; Tau, time constant of relaxation. Two-way ANOVA, followed by Sidak post hoc analysis. * vs. Sham + Normoxia, + vs. Sham + Hypoxia, P < 0.01.
Central chemoreflex activation and autonomic imbalance in CHF
Stimulation of central chemoreceptors with hypercapnia exacerbated cardiac sympatho-vagal imbalance in CHF rats (Fig. 4) . Using beat-to-beat analysis of HRV in the frequency domain we found that the LF band of HRV was increased in CHF rats following hypercapnia (179.8 ± 26.2% CHF + Normoxia vs. 212.5 ± 30.3% CHF + Hypercapnia; P < 0.05), without significant changes in HF band (Fig. 4A-C) . The LF/HF HRV ratio was significantly increased in CHF rats during hypercapnia (229.6 ± 43.2% CHF + Normoxia vs. 296.0 ± 43.9% CHF + Hypercapnia; P < 0.05, Fig. 4A and D) . Furthermore, we found that the deleterious effects of central chemoreflex activation on sympatho-vagal balance in CHF rats was partly mediated by increased sympathetic outflow because intravenous propranolol attenuated the effect of hypercapnia on the LF band of HRV (41.9 ± 8.8 normalized units (n.u.) CHF + Hypercapnia vs. 10.5 ± 6.8 n.u. CHF + Hypercapnia + Propranolol; P < 0.05, Table 2 ). Accordingly, the effects of hypercapnia on the LF/HF HRV ratio was reversed after intravenous administration of propranolol (296.0 ± 43.9% CHF + Hypercapnia vs. 66.3 ± 23.1% CHF + Hypercapnia + Propranolol; P < 0.05, Table 2 ).
Cardiac function in CHF and chemoreflex activation
Breathing normoxic air, CHF rats displayed both systolic (ESPVR: 0.24 ± 0.1 mmHg μl −1 CHF vs. 0.48 ± 0.2 mmHg μl −1 Sham; P < 0.05) and diastolic cardiac function impairment compared to sham rats (EDPVR: 0.008 ± 0.004 mmHg μl −1 CHF vs. 0.005 ± 0.003 mmHg μl −1 Sham; P < 0.05, Fig. 5A-C) . To determine the effects of central and peripheral chemoreflex activation on cardiac function, rats were acutely exposed to hypercapnia and hypoxia, respectively. In Sham rats, neither exposure to hypercapnia nor exposure to hypoxia induced a significant change in ESPVR or EDPVR (Fig. 5, Tables 3 and 4) . Similarly, exposure to hypoxia induced no significant changes in ESPVR and EDPVR in CHF rats (Table 4) . In contrast, hypercapnia induced a marked impairment of diastolic cardiac function in CHF rats as evidenced by a threefold increase in EDPVR compared to normoxic conditions (0.027 ± 0.027 mmHg μl −1 CHF + Hypercapnia vs. 0.008 ± 0.004 mmHg μl −1 CHF + Normoxia; P < 0.05, Fig. 5C ). Systolic cardiac function did not deteriorate further following hypercapnic stimulation in CHF rats (ESPVR: 0.16 ± 0.11 mmHg μl −1 CHF + Hypercapnia vs. 0.29 ± 0.11 mmHg μl −1 CHF + Normoxia rats; P < 0.05, Fig. 5B ). Other left ventricular haemodynamic parameters were not altered by hypercapnia or by hypoxia in either Sham or the CHF condition (Tables 3 and 4 , respectively).
Importantly, arterial pH, P CO 2 , P O 2 and HCO 3 − were not different in normoxia and during hypercapnic stimulation between Sham and CHF rats (Table 5) .
To determine if the effect of central chemoreflex activation on cardiac diastolic function in CHF was driven by sympathetic activation, we performed hypercapnic stimulation following sympathetic blockade with propranolol. Remarkably, the deleterious effect of hypercapnia on EDPVR in CHF rats was totally abolished by propranolol (Table 6 ). Taken together, these results suggest that central chemoreflex activation contributes to cardiac diastolic dysfunction in CHF by activation of the sympathetic nervous system.
Arrhythmia incidence and chemoreflex activation
Under normoxic conditions, the incidence of cardiac arrhythmias was significantly higher in CHF rats compared to Sham rats (196.0 ± 239.9 events h −1 CHF vs. 19.8 ± 21.7 events h −1 Sham; P < 0.05, Fig. 6A and B) . Stimulation of the central chemoreflex with hypercapnia increased arrhythmia incidence in both Sham and CHF rats. In Sham animals, hypercapnia induced an 8.5-fold increase in arrhythmia incidence, which was comparable to the numbers of events displayed by CHF animals at rest (Fig. 6A and B) . In CHF rats, hypercapnia also induced a significant 2.5-fold increase in the number of arrhythmic events compared to values obtained without hypercapnic stimulation (196.0 ± 239.9 events h −1 CHF + Normoxia vs. 576.7 ± 472.9 events h −1 CHF + Hypercapnia; P < 0.05, Fig. 6A and B) . Most of the arrhythmic events detected during hypercapnic stimulation in both sham and CHF animals were related to premature ventricular contractions. No detection of atrial fibrillation was found during hypercapnia in either sham or CHF rats. Importantly, the effects of hypercapnia on cardiac arrhythmias were abolished by propranolol treatment in both Sham and CHF rats (Fig. 6A and B) .
Discussion
Our results show that rats with volume overload-induced CHF display: (i) preserved ejection fraction despite J Physiol 595.8 Table 6 . Effect of sympathetic and parasympathetic blockade on cardiac function during hypercapnia 
Autonomic control and chemoreflex activation in heart failure
Sympatho-vagal imbalance is a hallmark of heart failure (both HFrEF and HFpEF) that is positively correlated with disease progression (Kitzman et al. 2002; Florea & Cohn, 2014) . Understanding the physiological mechanisms that contribute to this imbalance is important to developing future strategies intended to improve autonomic function in HF. In HFrEF, it has been shown that hyperreflexia rising from the carotid bodies is an important contributor to sympathatoexcitation (Ponikowski et al. 1997) . In the present study we found that rats with HFpEF displayed no alterations in the peripheral chemoreflex response to hypoxia but an enhanced central chemoreflex response to hypercapnia. Acute stimulation of the central chemoreflex exacerbates cardiac dysfunction via activation of the sympathetic nervous system. Our findings strongly suggest that central chemoreflex and not peripheral chemoreflex activation is involved in sympatho-vagal imbalance and/or cardiac dysfunction observed in HFpEF rats. However, we cannot rule out the possibility that the carotid bodies play a role in the early phase of CHF development in this model. Future studies should address the contribution of the carotid bodies to sympatho-vagal imbalance and cardiac dysfunction in HFpEF.
RVLM pre-sympathetic neurons and autonomic imbalance in heart failure
Previous work has shown that chronic activation of sympathetic neurons in the RVLM occurs in HFrEF and is associated with sympathoexcitation (Del Rio et al. 2013) .
In this study, we observed increased Fos-B expression in the RVLM, indicating that chronic activation of these neurons is also a feature of HFpEF. Furthermore, we found that chronic activation of RVLM neurons occurs in tandem with marked increases in oxidative stress, which has previously been identified as a major contributor to activation of RVLM neurons and regulation of sympathetic nerve activity in HF (Lindley et al. 2004; Ding et al. 2009 ). Central chemoreceptor neurons from the RTN make glutamatergic contacts with RVLM neurons (Rosin et al. 2006) . Also, it has been shown that increases in synaptic glutamate release lead to oxidative stress (Lafon-Cazal et al. 1993; Vesce et al. 2004) . Therefore, it is plausible that the enhanced RTN drive to the RVLM in HFpEF contributes to superoxide radical production and neuronal activation. Further studies should focus on the role of RTN on RVLM oxidative stress and hyper-activation in HFpEF.
The RVLM is an important area of the brainstem that plays a major role in the control of sympathetic outflow. It has been shown that chemoreceptor fibres project to the RVLM and can regulate neuronal activity and sympathetic outflow to the heart (Moreira et al. 2006; Del Rio et al. 2013) . In the present study we showed that activation of the central chemoreflex increases arrhythmia incidence and exacerbates cardiac dysfunction, an effect that was associated with increased sympathetic activation. One of the main central chemoreceptor areas in the brain is the RTN . It has been shown that RTN neurons project to pre-sympathetic neurons of the RVLM (Rosin et al. 2006 ) suggesting a plausible role in the regulation of sympathetic outflow through a first-order synapse with C1 neurons. Furthermore, it has been shown that activation of central chemoreceptors can trigger respiratory synchronous modulation of sympathetic nerve activity and subsequent respiratory-sympathetic coupling (Narkiewicz et al. 1999; Lazarenko et al. 2009 ). This is consistent with our finding of increased sympathetic drive in HFpEF rats following central chemoreflex activation. Interestingly, these effects were not observed in control animals. Future studies should assess the degree of entrainment of both respiratory and sympathetic activities in HFpEF.
Disordered breathing in heart failure
Human HF patients display disordered breathing patterns, with a high prevalence of central apnoeas and periodic breathing (Lorenzi-Filho et al. 1999; Giannoni et al. 2008) . It has been proposed that the hypoxemia/hypercapnia associated with disordered breathing in HF plays a pivotal role in the progression of the disease by repetitive stimulation of the sympathetic nervous system (Toledo al. 2016) . Interestingly, different experimental models of HF display similar degrees of disordered breathing, characterized by increased incidence of apnoea/hypopnea and breathing irregularity (Bitter et al. 2009; Herrscher et al. 2011; Chan & Lam, 2013) . In this study, we showed for the first time that rats with HFpEF display significant increases in breath-to-breath interval variability and a marked increase in AHI compared to control rats. Furthermore, our data indicate that HFpEF rats have an exaggerated central chemoreflex response to acute hypercapnic stimulation. These results strongly suggest that repetitive stimulation of central chemoreceptors during the episodes of disordered breathing found in HFpEF (i.e. apnoeas, hypopneas, Cheyne-Stokes breathing) contribute to sympatho-vagal imbalance and compromised cardiac function. Indeed, our results showed that hypercapnic stimulation exacerbates cardiac sympatho-vagal imbalance. In agreement with this finding, Kristen et al. (2002) showed that the renal sympathetic nerve response to hypercapnia was increased in HFpEF rats. Taken together, these data suggest that central chemoreflex control of ventilation and sympathetic nerve activity are augmented in HFpEF.
Arrhythmogenesis in heart failure
Cardiac arrhythmias constitute one of the largest predictors of morbidity and mortality in HF (Esler, 1998; Giannoni et al. 2008) . Recently, we showed that cardiac arrhythmogenesis is critically dependent on input from the carotid body in HFrEF (Del Rio et al. 2013; Marcus et al. 2014a) . In this study we showed that acute activation of the central chemoreflex increased arrhythmia incidence. The effects of hypercapnia-induced activation of central chemoreflex on cardiac arrhythmogenesis were related to augmented sympathetic activation. It is widely known that RVLM sympathetic neurons are modulated by several afferent inputs, one of them being projections from central chemoreceptors (Moreira et al. 2006; Rosin et al. 2006; Abbott et al. 2013) . Therefore, we propose that in HFpEF, activation of the central chemoreflex by acute hypercapnic episodes directly activates RVLM sympathetic neurons resulting in increased sympathetic outflow to the heart and subsequent arrhythmogenesis. The role played by RVLM sympathetic neurons on cardiac arrhythmias following stimulation of the central chemoreflex in HFpEF merits further study.
Additional considerations
Several limitations are inherent in our study. Volume overload in rats results in increased EDPVR and EDP, both of which are considered diagnostic criteria for the recognition of human HFpEF (Yancy et al. 2013) . However, we did not observe changes in end-systolic elastance and LV filling times in our model. Furthermore, the increases in ventricular volumes reported in our model are not normally observed in all HFpEF patients. Therefore, it is important to note that our experimental model recapitulates some but not all of the pathophysiological components of the human HFpEF. Differences between our experimental model and human HFpEF may be related to several comorbidities associated with the progression of HFpEF (Edelmann et al. 2011; Yancy et al. 2013; Rosita et al. 2014) . Indeed, high incidences of cardiovascular and non-cardiovascular comorbidities have been found in HFpEF patients (Edelmann et al. 2011) . Data from population-based studies indicate a prevalence of coronary artery disease of 20-76%, diabetes mellitus of 13-70%, atrial fibrillation of 15-41% and hypertension of 25-88% in HFpEF (Rosita et al. 2014) . Therefore, it is plausible that co-morbidities may account for some of the differences between our model and human HFpEF. Future studies will be needed to identify the contribution of co-morbidities on cardiac function in HFpEF.
